The interactions between corneal nerve, epithelium, and stroma are essential for maintaining a healthy cornea. Thus, corneal tissue models that more fully mimic the anatomy, mechanical properties and cellular components of corneal tissue would provide useful systems to study cellular interactions, corneal diseases and provide options for improved drug screening. Here a corneal tissue model was constructed to include the stroma, epithelium, and innervation. Thin silk protein film stacks served as the scaffolding to support the corneal epithelial and stromal layers, while a surrounding silk porous sponge supported neuronal growth. The neurons innervated the stromal and epithelial layers and improved function and viability of the tissues. An air-liquid interface environment of the corneal tissue was also mimicked in vitro, resulting in a positive impact on epithelial maturity. The inclusion of three cell types in coculture at an air-liquid interface provides an important advance for the field of in vitro corneal tissue engineering, to permit improvements in the study of innervation and corneal tissue development, corneal disease, and tissue responses to environmental factors.
Introduction
The cornea is the outermost layer of the human eye and is an important part of the ocular light path. The cornea has three distinct layers: the epithelium, stroma, and endothelium. The external epithelial layer has 3e5 layers of epithelial cells and protects the inner structures [1, 2] . The middle stromal layers are composed of aligned corneal stromal cells guided by parallel collagen lamellae [2] . The innermost layer of the cornea is the endothelial layer. Current tissue models fail to incorporate each of these distinct anatomical layers and are not able to realize disease conditions of corneal tissue. Corneal opacity is one of the principal causes of bilateral blindness, affecting 7 million people around the world [3] . Among them, 2.85 million people have diminished or an absence of sensation due to corneal nerve dysfunction or degeneration [4] . Every year 46,000 patients in the USA receive corneal transplantation surgery.
The cornea is the most densely innervated surface in the human body [5] . Neuronal innervation is closely related to the health or disease state of the corneal epithelium and stroma. Innervation is distributed throughout the epithelium and stroma but is absent in the endothelial layer [6] . Stromal nerve trunks with a density of 33e71/mm 2 [7] arise from the limbal plexus and enter the peripheral corneal stroma radially. In the stroma, nerves are organized parallel to the collagen lamellae and branch into smaller fascicles as they proceed toward the superficial stroma [8] . The nerve fibers then penetrate the epithelial layer with a density of approximately 600 termini/mm 2 [6, 8] . The nerves interact physically and chemically with corneal tissue, providing sensing and releasing trophic factors including neurotransmitters and neuropeptides to maintain homeostasis [6] . During corneal development, nerve growth is modulated by many growth factors, including brain derived nerve growth factor (BDNF), nerve growth factor (NGF), glial cell derived neurotrophic factor (GDNF), and neurotrophin-3 (NT-3) [9e12]. Among these growth factors, NGF is critical for corneal nerve survival, axonal branching, elongation, sprouting and regeneration [10] . The lack of these trophic factors can lead to neurotrophic keratopathy, a disorder that make cornea more susceptible to injury [13] . Despite the importance of corneal innervation, the interactions between nerve and corneal tissue in healthy and diseased cornea are not fully understood [5] . This is partially due to the limitations with rabbit, mice, pig and human in vivo models, including the complexity of the in vivo environments, differences between human and animal corneal tissues, and the challenges with studying human embryo cornea. These drawbacks underscore the need for new research tools.
In vitro corneal tissue models have unique advantages for studying cellular interactions including the ability to simplify the complex in vivo environment, utilize human cells, be cost effective when compared with animal and human studies, and be designed for high throughput analysis. An in vitro tissue model of human corneal innervation can also support studies of corneal nerve functions. Current corneal tissue in vitro models mainly focus on corneal epithelial and stromal cells and use collagen as substrates [14, 15] . Among the few co-culture studies that used corneal cells and neurons [15, 16] , layers of collagen hydrogel were used to resemble the lamellar structure of cornea but failed to recapitulate the alignment of the stromal cells and the multi-layer features of the epithelial cells. Further, the native density of nerve endings and branches has also not been achieved through in vitro cultures. Collagen as the substrate also poses significant limitations due to low mechanical stiffness, leading to mismatched mechanical properties and contraction in long-term culture [17, 18] .
Silk is a biodegradable protein material with highly tunable mechanical properties that can be cast into optically clear films [18, 19] . Silk films, physically crosslinked through water vapor annealing, provided elastic moduli of 67.7 kPa [20] that matched the stiffness of the cornea, which is 40e60 kPa [21, 22] . Silk films with surface patterns and functionalized with RGD supported the alignment, growth, and matrix synthesis by human corneal stromal cells [23] . These films also did not contract and slowly degraded in vitro, providing support for sustained in vitro tissue models. The silk can also be formed into sponges which can support neuron growth and the formation of neuronal connections [24e26]. In our previous study [16] , 2D human corneal stromal stem cells (hCSSCs) and dorsal root ganglion neurons (DRG) in a co-culture system was generated and we observed that axon length increased when the DRGs were co-cultured with the hCSSCs.
The goal of the present study was to generate a 3D silk protein based co-culture system including the corneal stromal layer, epithelial layer, and DRG neurons, to further understand the interactions between corneal innervation and corneal tissues. The scaffold design was to closely mimic corneal anatomy, with silk film stacks for corneal epithelial and stromal cell growth surrounded by a silk sponge seeded with the DRG simulating the limbus tissue. The guidance for neuronal extensions was generated by the addition of NGF in the epithelial layer scaffold. An air-liquid interface was also designed for a bioreactor support system to house the corneal tissues and to better mimic the native corneal environment. This new corneal tissue construct supported dense innervation in the epithelial and stromal regions as well as sustained cultivation in vitro, critical outcomes for the system utility toward the further study of corneal development, function and dysfunction.
Materials and methods

Preparation of silk solution
Silk solution was prepared from cocoons of Bombyx mori silkworm based on the procedure developed in our previous studies [20, 27] . Silk cocoons were purchased from Tajima Shoji Co. (Yokohama, Japan) and boiled for 30 min in 0.02 M Na 2 CO 3 solution (Sigma-Aldrich. St Louis, MO). The boiled silk was rinsed with deionized water 6 times and dried overnight. The extracted silk was then dissolved in a 9.3 M LiBr solution and dialyzed against distilled water for 2 days to obtain a silk aqueous solution (5e7% w/v).
Preparation of growth factor stamped flat silk films
Flat, optically clear, porous silk films were prepared by casting 120 mL of 1% w/v silk solution with 0.05% w/v of polyethylene oxide (PEO, MW ¼ 900,000, SigmaeAldrich) on a 12 mm diameter glass coverslip (Electron Microscopy Science, Hatfield, PA) [28] . The films were then dried overnight. High and low concentration NGF inks were used for stamping the silk films. The inks were composed of 50 ml (4 mg/mL) acetic acid-type I collagen solution (rat-tail tendon, BD, Franklin Lake, NJ) containing 100 ng/mL keratinocyte growth factor (KGF) (Sigma), 100 ng/mL hepatic growth factor (HGF) (Sigma), 200 ng/mL epithelium growth factor (EGF) (Thermo Fisher, Waltham MA), and either a high concentration of NGF (400 ng/mL) or a low concentration of NGF (200 ng/mL) (R&D Systems, Minneapolis, MN). Multi-circular, radial and uniform stamp patterns were employed ( Supplementary Fig. 1 ). The multi-circular stamps were formed by dipping a 12 mm outside diameter and a 6 mm inside diameter donut shape polydimethylsiloxane (PDMS) (Fisher Scientific Co. Fair Lawn, NJ) stamp in the low NGF ink and pressing onto the dried silk film. The center was stamped with a 6 mm PDMS cylinder carrying the high concentration NGF ink. The radial pattern was stamped with the high NGF ink with its shape indicated in Supplementary Fig. 1 . The whole surface of the uniformly stamped silk film was covered with high NGF ink. The silk films were annealed in water filled desiccators at À25 mmHg for 2.5 h for physical cross-linking. Before use, the silk films were exposed to UV light for 30 min on each side and the soaked in DI water for 48 h to extract any residual PEO to form the pores.
Preparation of patterned silk films
Patterned silk films were also prepared based on the procedures developed in our previous studies [29, 30] . Briefly, 1% w/v silk solution with 0.05% w/v of PEO (MW ¼ 900,000; SigmaeAldrich) was cast onto patterned PDMS molds with 600 lines/mm grating. The PDMS molds were prepared using our previously reported methods [30] . The silk films were dried at room temperature overnight and water annealed with the same methods used with the stamped silk films. The patterned silk films were then peeled off from the molds using established methods [30] . The silk films were immersed in DI water for 2 days to extract the PEO to generate the pores (0.5e5 mm) [28] , and then immersed in 70% ethanol for 8 min and washed with PBS (5X) before cell seeding.
Preparation of silk sponges
Salt leached silk scaffolds with 500e600 mm pores were prepared using our previously reported procedure [31] . The scaffolds were mounted in a custom designed well fabricated to be 1 mm depth depressed into a Delrin sheet (McMaster-Carr, Robbinsville, NJ). The scaffold was sliced into 1 mm thick layers using microtome blade and cut into donut shapes (15 mm outer diameter, 12 mm inner diameter) with a biopsy punch (McMaster-Carr, Robbinsville, NJ). The silk sponge donuts were sterilized by autoclave before cell seeding.
RGD and PDL surface modification
Arginine-Glycine-Aspartic acid-Serine (RGD) peptide (Bachem, Torrance, CA) functionalized patterned silk films were prepared using methods from our previous work [29] . Stamped flat silk films and salt leached silk scaffolds were soaked in 1 mL of 10 mg/ml poly-D-lysine (PDL) solution overnight at 4 C.
Preparation of collagen hydrogels
Collagen gels were prepared by adding 100 ml of 10x DMEM (Sigma) to 900 ml (4 mg/mL) acetic acid-type I collagen solution (rat-tail tendon, Corning, Corning NY), followed by neutralization with 20 ml 1 M NaOH (Sigma).
Human corneal stromal stem cell (hCSSCs) culture
Human corneal stromal stem cells (HCSSCs) were isolated from collagenase digests of limbal stromal tissue dissected from deidentified human corneas, obtained from the Center for Organ Recovery and Education, (CORE; Pittsburgh, PA), as described previously [32] . Ethical aspects of the research protocols were approved by the Committee for Oversight of Research Involving the Dead (CORID) Protocol #161. HCSSCs were passaged 4 times before seeding. Cells were detached with 0.25% trypsin (GIBCO) solution and seeded on the surface of the sterilized patterned porous silk films at a concentration of 15,000 cells/cm 2 . Cell seeding was accomplished by adding the cell suspension dropwise on top of the films. The films were incubated for 30 min to allow time for cell attachment. Seeded silk films were cultured in proliferation medium containing DMEM/MCDB-201 in the ratio of 3 to 2 (v/v) with 2% fetal bovine serum, 10 ng/mL platelet-derived growth factor, 1 mg/mL lipid-rich bovine serum albumin (Albumax, Life Technologies, Grand Island, NY), 10 ng/mL epidermal growth factor, 5 mg/mL transferrin, 5 ng/mL selenous acid, 0.1 mM ascorbic acid-2-phosphate, 10 À8 M dexamethasone, 100 IU/mL penicillin, 100 mg/ mL streptomycin, 50 mg/mL gentamicin, and 100 ng/mL cholera toxin until confluent (2 days). After cells reached confluency, hCSSCs were differentiated on the silk films into keratocytes with differentiation medium composed of advanced DMEM (Life Technologies), containing 1.0 mM L-ascorbic acid-2-phosphate (Sigma), 50 mg/mL gentamicin (Life Technologies), 2 mM L-alanyl-L-glutamine (Life Technologies), 100 mg/mL penicillin, 100 mg/mL streptomycin (Mediatech, Manassas, VA), 0.1 ng/mL transforming growth factor-beta3 (TGFb-3, Sigma), and 10 ng/mL basic fibroblast growth factor (FGF-2, Sigma) [33] .
Human corneal epithelial cell (hCECs) culture
Primary hCECs (C0185C, Thermo Fisher) were passaged 5 times before seeding. Cells were detached with 0.25% trypsin (GIBCO) and seeded on top of sterilized stamped silk films at a density of 150,000 cells/cm 2 . The films were then incubated for 4 h to allow time for cell attachment and then cultured in keratinocyte SFM medium (Thermo Fisher) for 2 days to reach confluency.
Chicken dorsal root ganglion (DRG) cell culture
DRG explants were dissected from day 8 chicken embryos following protocols developed in our prior study [34] . The explants were then carefully placed on the surface of the salt leached silk scaffolds with forceps and incubated for 2 h to allow time for cell attachment. The scaffolds were then flipped over and cultured in DMEM containing 20% FBS and 50 ng/mL NGF.
Co-culture of hCSSCs hCECs and DRG neurons
The scaffolds for co-culture were designed to mimic corneal anatomy (Fig. 1) . For convenience, E, S and D will be used to represent hCECs, hCSSCs and DRG neurons, respectively. To prepare the co-culture scaffolds, 3 layers of patterned silk films seeded with S were stacked with their patterns in a crisscross pattern. Then, the silk film stacks were cut to 12 mm diameter with a biopsy punch (McMaster-Carr) and transferred to the center of the silk sponge donuts. The flat silk films seeded with E were then transferred with forceps and gently placed on top of the film stacks. To achieve integrity of the scaffold, 500 ml type I rat tail collagen was casted on top and absorbed into the scaffold. In order to guide axons toward the top of the scaffolds, 50 ml of collagen hydrogel containing 400 ng/mL of NGF was cast on top of the film stack. The scaffolds were then incubated at 37 C for 30 min to complete the crosslinking. After this, the whole scaffold was immersed in hCSSCs differentiation medium and cultivated for 2 days. A customized designed waffle-shaped PDMS floating shelf (5 mm 
Immunohistochemistry
The single cultured and co-cultured samples were fixed at days 14 and 28. Samples were fixed in 4% paraformaldehyde in PBS (Affymetrix, Cleveland, OH) for 45 min and then treated with 5% BSA for 30 min. Cellular morphology was revealed with anti b tubulin III staining. Keratocan was stained to reveal hCSSCs ECM secretion while involucrin was stained to reflect the maturity of hCECs. The dilution of antibodies is indicated in Supplementary  Table 1 . The samples were treated with primary antibodies for 12 h at 4 C and then washed with PBS 3 times, 15 min each. The samples were stained with secondary antibodies for 8 h at 4 C and washed with PBS 3 times, 15 min each. DAPI was diluted 1:1000 in 5% BSA solution at the same time as the primary antibodies. Images were taken on a BZX-700 microscope (Keyence Corporation, Itasca, IL) at 10X and 4X. Maximum intensity projection images were generated using Advanced 3D Analysis software (Keyence Corporation, Itasca, IL). In order to compare transparency, the fixed samples for ESD-LC, ESD-ALIC and the porcine cornea were immersed in glycerol for 1 h and placed over a paper with the word "SILK" printed. Photos were taken to indicate transparency.
Quantitative reverse transcript PCR (qPCR)
Gene expression levels for keratocan (KERA), lumican (LUM), smooth muscle actin (ACTA2) aldehyde dehydrogenase 3A1 (ALDH3A1), involucrin (IVL), connexin 37 (GJA4), and cytokeratin 3 (KRT3) were quantified by RT-PCR (qPCR) [23, 35, 36] . In brief, total RNA was extracted using Trizol with single step acid-phenol guanidinium method [37] , adsorbed onto a silica-gel membrane using the Qiagen RNeasy Kit protocol (Qiagen, Valencia, CA), eluted, and quantified [38] . The RNA extracted from the scaffolds was reverse transcribed to cDNA in a 20 ml reaction using high-capacity cDNA reverse transcription kit (Thermo Fisher). Quantitative RT-PCR of cDNA (~30 ng/ml) was performed using assays containing fluorescent hybridization probes (Taq Man: Thermo Fisher). Reactions were incubated at 95 C for 10 min and amplification was carried out on samples with 2 min incubation at 50 C, followed by 50 cycles of 15 s at 95 C and 1 min at 60 C. The reaction for RT-PCR was processed in a 15 ml solution containing 1X Universal PCR Master Mix (Thermo Fisher) with 6 ml cDNA samples. RNA expression at day 28 was compared to day0 samples using 18s as a reference gene.
Calcium imaging
Calcium imaging was conducted on day 28 ESD-ALIC scaffolds to observe neuronal function. For the assay, 50 mg Fluo-4 (Invitrogen) was reconstituted with 50 ml pluronic F-127 (Invitrogen) and then diluted in DMEM at a 1:1000 dilution. The scaffolds were incubated in 1 mL of the DMEM-Fluo-4 solution for 1 h at 37 C, and then washed with PBS solution to remove excess dye. The stimulation solution consisted of 250 mM menthol in DMEM and was added dropwise onto the scaffolds while images were taken every 60 ms with a BZX-700 microscope (Keyence Corporation, Itasca, IL) at 10X magnification.
Neuronal extension measurement
Positive staining of b tubulin III was determined at 4X magnification. The images were collected from n ¼ 3 samples from 3 independent experiments. All the stitched images were then converted into 8-bit tiff files using Image J (NIH). The neuron J routine [39] was then applied to measure axon length. The density of axons on 4X images was counted using Image J cell counter.
Statistical analysis
Data analysis was performed using Student's T test. The significance level was set at p < 0.05. All experiments were run in at least triplicates for two independent experiments.
Results
Guidance of neuronal innervation
After 14 days of cultivation, the uniformly stamped silk films provided higher axon density (112 ± 34 termini/mm 2 ) than multicircular (26 ± 5 termini/mm 2 ) and radial stamped films (33 ± 8 termini/mm 2 ) (Supplementary Fig. 1 ). Thus, this strategy was selected to guide neuronal innervation towards the center of the scaffolds in the remaining studies. After 28 days of cultivation the axons were mostly located on the top surface of the scaffolds (Fig. 2  A, B) indicating successful guidance of innervation. This guidance was also studied at the ALIC (Fig. 2 C, D) where the top surface of scaffolds had twice the density of axons than in the LC. The length and density of axons reached an average of 3 ± 0.7 mm and 55 ± 10.61 termini/mm 2 in the LC versus 4 ± 0.5 mm and 99 ± 13.5 termini/mm 2 in the ALIC. Thus, the combination of stamped silk films and NGF loaded collagen supported the effective guidance of neuronal innervation towards the top center of the scaffolds.
Co-culture and single cultures in the liquid phase
The scaffolds for tri-culture in liquid remained intact and transparent through 28 days (Fig. 1B) . When hCECs were innervated in the ESD-LC and ED-LC groups, the morphology of the hCECs adopted a healthy polygonal epithelial cell morphology whereas in the E-LC group the cells were elongated (Fig. 3) . HCECs aggregation was observed in the liquid phase single cultures and co-cultures (Fig. 3) . The hCSSCs retained alignment at both cultivation time points (Fig. 3) . Innervation was developed in all the coculture groups, with the SD-LC group resulting in axons that werẽ 2 times longer than in the ED-LC group (Fig. 5 A) . The innervation was located on the top surface of scaffolds and between each layer of silk films (Fig. 3, Supplementary Fig. 4 B) . There was no significant difference in length and density of axons between the SD-LC and ESD-LC (Fig. 5) .
Co-culture and single cultures at the air-liquid interface
The integrity of the scaffolds and the transparency of the stacked films was maintained through 28 days of cultivation (Fig. 1B) . Immunostaining showed that the hCECs formed polygonal epithelial cell morphology (Fig. 4) and developed into multicellular layers in the ESD-ALIC group (Supplementary Fig. 2 ). The presence of involucrin in the day 28 ESD-ALIC group was highest among the different conditions in ALIC and higher than the day 28 ESD-LC samples (Figs. 3 and 4) . The alignment of hCSSCs remained Standard deviation of each group is indicated as error bars. ***P < 0.0001; **P < 0.00; *P < 0.01.
through the cultures in the S-ALIC, SD-ALIC and ESD-ALIC systems (Fig. 4) . The secretion of keratocan was also observed in the hCSSCs single cultures and co-cultures. The DRGs cultured alone at the ALIC had an axon density that was approximately two-fold higher than in the LC (Fig. 5) . Innervation was observed at the top surface and between the silk film layers in the scaffolds (Fig. 4 SD-ALIC , ED-ALIC, ESD-ALIC, Supplementary Fig. 4 A) . The dense innervation appeared in the ESD-ALIC group (80 termini/mm 2 ), which was 3 and 2 times higher than the ESD-LC and D-LC groups respectively (Fig. 5 B) . Calcium imaging (Supplementary Fig. 3 ) showed more firing when menthol was added into the medium, supporting neuron function in the tissue constructs.
Q-PCR analysis
In order to investigate the impact of innervation on the hCECs, expression of mRNA for involucrin (IVL), connexin 37 (GJA4), and cytokeratin-3 (KRT3) was quantified by qPCR. IVL is a marker for maturity whereas GJA4 documents accumulation of cell-cell junctions in the epithelial layer. IVL and GJA4 were expressed in all groups, whereas KRT3 was only expressed in ED-ALIC, ESD-LC and ESD-ALIC samples (Fig. 6 A) . ED-ALIC had significantly higher expression of IVL and GJA4 compared to ED-LC. Also, the ESD-LC and ESD-ALIC groups had significantly higher IVL and GJA4 expression compared to ED-LC and ED-ALIC groups. The expression of mRNA for keratocan (KERA), lumican (LUM), aldehyde dehydrogenase (ALDH3A1) and smooth muscle actin (ACTA2) was quantified to analyze the functional state of the hCSSCs (Fig. 6 B) . KERA and LUM are corneal stroma ECM proteins that were previously shown to be expressed by keratocytes differentiated from hCSSCs [36] . ALDH3A1 is highly expressed in both epithelium and stromal cells of differentiated cornea and important for cornel transparency [40] . Smooth muscle actin (ACTA2) is a marker of myofibroblasts, cells involved in secretion of fibrotic nontransparent corneal tissue [41] . The expression of ACTA2 was down regulated in all the culture groups (Fig. 6 B) . The S-LC group had the highest KERA and LUM expression compared to all the other groups. When hCSSCs were innervated (SD-ALIC), the expression of KERA and LUM were not different from the SD-LC and were significantly higher than the S-ALIC. The expression of ALDH3A1 was significantly greater in groups with innervation compared to non-innervated samples.
Discussion
Compared to collagen-based corneal tissue models with innervation [15, 42] , the silk protein provided tunable materials to match the mechanical properties of human cornea [17, 26, 43] . Films and sponges prepared from silk supported aligned hCSSCs growth and improved neuronal extensions [23, 24] . In collagen-based tissue models, NGF was loaded into hydrogels to create a concentration gradient to guide neuronal growth [12, 32] . However, the density and length of innervation were not quantified, and collagen undergoes consistent contraction over time that impacts cell functions. In our present study of corneal tissue models, NGF loaded collagen gels were combined with NGF stamped silk films to guide the axons towards the top center of the scaffolds, while concurrently avoiding the problem of material contraction. Interactions between cells sourced from chickens in contact with human cells has been previously reported [44] . Dorsal root ganglion neurons were used to mimic corneal innervation, due to its roles as a critical component as sensory neurons [45] . The average terminal density and axon length reached 100 termini/mm 2 and 4 mm in the ALICs.
The guided, dense, and long axons establish an essential foundation to for innervated corneal tissue models. Further, these systems remained functional for at least one month in culture, supporting sustained cultivation to allow both acute and chronic studies with these new corneal tissues. Previously, an air-liquid interface was achieved by culturing tissue constructs in trans-wells [14, 46, 47] . HCSSC survival in transwells was not robust in some of our preliminary experiments. Thus, PDMS shelves were designed to maintain a fluid environment for the stroma while the epithelium was positioned at the ALIC. As a result, the hCSSCs survived well in these systems.
After the scaffold design for neuronal innervation guidance and air-liquid cultivation was completed, the hCSSCs and hCECs were included in the cultures. In our previous studies, we developed patterned corneal stoma construct using RGD functionalized silk film stacks [26] , which supported the secretion of aligned ECM from hCSSCs. In a more recent study, 2D co-culture systems with Fig. 6 . Gene expression of hCSSCs (A) and hCECs (B). The expression levels of mRNA for involucrin (IVL), connexin 37 (GJA4) and cytokeratin 3 (KRT3) were quantified through Q-PCR and normalized with day 0 samples of hCECs. The expression levels of mRNAs for keratocan (KERA), lumican (LUM), aldehyde dehydrogenase 3A1 (ALDH3A1) and smooth muscle actin (ACTA2) were quantified through Q-PCR and normalized with day 0 samples of hCSSCs. The expression level of IVL and GJA4 were significantly higher in ED and ESD co-cultures compared to hCECs single cultures. hCSSCs expressed the most keratocan when cultured in the liquid phase. SD-ALIC groups had significantly higher keratocan expression compared to the S-ALIC groups. The data were collected from n > 3 from three independent experiments. Standard error of each group is indicated as error bars. ***P < 0.0001; **P < 0.001; *P < 0.01. silk films and silk collagen hydrogels improved DRG axonal development when co-cultured with hCSSCs. In order to include the epithelium, an important barrier layer for the cornea [3] , HGF, KGF and EGF were stamped on the top silk film layer and hCECs survived through 28 days of cultivation in the LC and ALIC. Multilayer growth of hCECs was achieved in the ALIC systems, reflecting the importance of the air-liquid environment to generate suitable outcomes for these cornea tissues.
The expression of IVL, GJA4 and the number of epithelial cellular layers in the innervated and air-liquid interface cultured samples were significantly higher than in the non-innervated samples cultivated in liquid phase, suggesting innervation and the air liquid interface contributes towards achieving cell and tissue maturity of the corneal epithelium.
During the sustained cultivation in LC, the survival of hCSSCs appeared to decrease when hCECs were included in the system. This outcome was likely due to the hCECs remaining proliferative throughout the cultivation which created competition for nutrients. This issue did not appear in the ALICs, which again supported the key role of this environment maintaining a healthy epithelium and stroma. However, when hCSSCs were cultured alone, the LC provided better KERA expression compared to the ALIC, indicating the liquid environment enhanced the secretion of ECM in the stroma.
The highly expressed ALDH3A1 and KERA in the innervated stroma showed the essential role of innervation on corneal stromal transparency and function [48] . In humans, it was observed that the impairment of corneal innervation can cause corneal ulcers (neurotrophic keratitis) [49] . Patients with neurotrophic keratitis present decreased corneal sensitivity with alterations in corneal epithelium, nerve, keratocyte, and endothelium. Our findings corroborate that corneal sensory nerves play a critical role in maintaining the vitality, metabolism, and replenishment of corneal cells [50] . While preliminary in outcome in the present study, the data suggest that this new corneal 3D tissue model has potential to help to explore and address these types of corneal diseases.
The interaction between corneal cells and innervation was also observed through the morphology. The axons developed from the bottom of silk sponge and grew towards the top of the scaffold in single culture and co-culture groups. In the tri-cultures, the axons branched at the edge of scaffold and sprouted thin and long axons that grew in between stromal layers and on the epithelial layer. Epithelial innervation developed through cultivation formed close connections with hCECs in the ALIC. In stromal layer, the axons were guided by the pattern on the silk film and grew parallel with hCSSCs. Through the longer and denser axons in the ESD-ALIC compared to the ED-ALIC, a synergistic effect by the hCSSCs was revealed. This finding is in agreement with our previous study which illustrated the importance of collagen type I and BDNF secreted by hCSSCs in improving neuronal extensions [16] . Interestingly, we observed longer axons in all the ALIC groups. A similar effect was shown in other DRG neuron single cultures and co-cultures with skin tissue at the air-liquid interface [51, 52] . The results indicate the importance of the ALIC in supporting long and dense neuronal innervation at in vitro environment.
Cultivation time for current cornea tissues models was limited to 1e2 weeks [15, 42] . Cornea development takes 2 months in the human embryo [6] . Interactions between innervation and corneal tissue in longer-term cultivation are critical in this study, the robust silk protein based scaffold retained integrity and transparency through 28 days of cultivation. These results support the utility of these scaffold designs and bioreactor support for sustainable cultivation of 3D cornea tissues for a range of studies in the future.
Conclusions
Innervated silk-based corneal tissue models were developed which supported long and dense neuronal innervation with multilayer hCECs for the epithelium and aligned hCSSCs for the stromal layers. The impact of innervation on the corneal stroma and epithelium in sustained culture was demonstrated. With these advances in relevance, innervation, and time in culture, these corneal tissue models can be considered as supplements to animal models in areas such as drug development, disease intervention and in general corneal physiology research.
